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Alphaviruses infect cells via a low-pH-triggered
membrane fusion reaction mediated by the class II
virus fusion protein E1, an elongated molecule with
three extramembrane domains (DI–III). E1 drives
fusion by inserting its fusion peptide loop into the
target membrane and refolding to a hairpin-like tri-
mer in which DIII moves toward the target membrane
and packs against the central trimer. Three-dimen-
sional structures provide static pictures of prefusion
and postfusion E1 but do not explain this transition.
Using truncated forms of E1, we reconstituted
a low-pH-dependent intermediate composed of tri-
mers of DI/II. Unexpectedly, DI/II trimers were stable
in the absence of DIII. Once formed at a low pH, DI/II
trimers efficiently and specifically bound recombi-
nant DIII through a pH-independent reaction. Even
in the absence of DIII, DI/II trimers interacted to
form hexagonal lattices and to cause membrane
deformation and tubulation. These studies identify
a prefusion intermediate in class II membrane fusion.
INTRODUCTION
Membrane fusion is a critical step in the entry of enveloped
viruses into host cells (reviewed in Harrison, 2008; Kielian and
Rey, 2006; White et al., 2008). Virus transmembrane (TM) pro-
teins mediate the fusion of the virus membrane with a host cell
membrane. The activity of these virus membrane fusion proteins
is highly regulated, so that fusion occurs at an optimal time and
location for delivery of the viral genome into the cytoplasm. This
regulation occurs largely through priming reactions that generate
a fusion-competent form of the fusion protein and triggering
reactions that cause the primed protein to refold to its final post-
fusion conformation. Priming can occur through proteolytic
cleavage of the fusion protein or a closely associated protein.
Triggering can involve virus-receptor interactions, exposure to
low pH in the endocytic compartment, or combinations of these
activities. Upon triggering, the virus fusion protein inserts into the
target membrane via a hydrophobic fusion peptide or loop, thus
bridging the virus and cell membranes. The fusion protein then600 Cell Host & Microbe 4, 600–608, December 11, 2008 ª2008 Elserefolds to a hairpin-like postfusion structure, in which the fusion
loop and TM domain are at the same end of the molecule and in
the same fused membrane. The energy stored in the primed
fusion protein is discharged during refolding to the hairpin con-
formation, and this refolding is a critical step in fusion. The known
postfusion structures of viral fusion proteins are all trimeric ‘‘hair-
pins,’’ although they can differ markedly in the structural basis of
this final conformation. Specifically, ‘‘class I’’ fusion protein hair-
pins such as the influenza HA contain a central a-helical coiled
coil, while ‘‘class II’’ fusion proteins, such as those of the alpha-
viruses and flaviviruses, are composed almost entirely of b sheet
structure both before and after fusion.
The alphaviruses are a group of small enveloped RNA viruses
that include important human pathogens such as chikungunya
virus and encephalitic viruses (Griffin, 2007; Kuhn, 2007). Alpha-
viruses infect cells via a low-pH-triggered membrane fusion
reaction in the endocytic pathway. Fusion is mediated by the
virus fusion protein E1, which is primed by proteolytic cleavage
of a companion/chaperone protein, p62. The alphavirus Semliki
Forest virus (SFV) has been extensively used as a system to
study alphavirus endocytic entry, membrane fusion, replication,
assembly, and structure (Kielian, 2006; Kuhn, 2007). During bio-
synthesis, the E1 and p62 envelope proteins form heterodimers
within the endoplasmic reticulum. p62 is processed to the
mature E2 form by furin cleavage late in the exocytic pathway.
The E1/E2 heterodimer organizes into trimeric spikes and
interacts with the viral nucleocapsid to produce icosahedrally
symmetrical virus particles that bud from the plasmamembrane.
The ectodomain of SFV E1 (here referred to as E1*) was pro-
duced by limited proteolytic cleavage of the virus, and the 3D
structure was determined (Lescar et al., 2001; Roussel et al.,
2006). E1 is an elongatedmolecule with three domains (Figure 1).
Domain I is the central domain and is connected on one side to
domain II, which contains the fusion loop at its distal tip. On the
other side, domain I is attached via a linker region to domain III,
an Ig-like domain stabilized by three disulfide bonds. In the full-
length E1 protein, domain III connects to a stem region followed
by the E1 TM domain. Cryo-electron microscopy reconstruc-
tions of alphavirus particles and fitting of the E1* structure reveal
that E1 is oriented tangential to the virusmembrane and interacts
to form an icosahedral glycoprotein lattice on the virus surface
(Mukhopadhyay et al., 2006; Roussel et al., 2006). This analysis
shows that E1’s heterodimeric partner E2 covers much of E1,
thus explaining the relative inaccessibility of the E1 fusion loopvier Inc.
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2004a).
When SFV is treated at a low pH in the presence of cholesterol-
containing target membranes, the E1-E2 heterodimer dissoci-
ates, the E1 fusion loop is inserted into the target membrane,
E1 refolds to form a stable E1 homotrimer (HT), and virus-mem-
brane fusion occurs (reviewed in Kielian, 2006). E1 HT formation
can be recapitulated using E1*, which inserts into cholesterol-
containing membranes at a low pH and refolds to a stable HT
(Gibbons et al., 2004b; Klimjack et al., 1994). The 3D structure
of the E1* HT reveals a rod-like trimer in which domain III has
moved about 37 A˚ toward the fusion loop to generate the post-
fusion hairpin (Figure 1A) (Gibbons et al., 2003, 2004c). The
structures of the pre- and postfusion forms of the flavivirus E pro-
tein (Bressanelli et al., 2004; Kanai et al., 2006; Li et al., 2008;
Figure 1. Summary of SFV E1 Proteins
(A) The structure of the E1HT. The structure of the SFV E1* HT (PDB ID 1RER) is
shown with one monomer in color and the others in gray. The colored mono-
mer shows the positions of domains I (red), II (yellow), and III (blue), with the
fusion loop (FL) in green and the linker between domain I and domain III in light
purple.
(B) Linear diagrams of the SFV E1 protein and the constructs used in this work.
The diagram at the top shows E1 with the domains colored as in (A), the stem
region in light gray, and the TM domain in dark gray. The residue numbers
of the domain boundaries are listed. The truncated E1 constructs expressed
in S2 cells are E10 (residues 1–383, plus V5-His tag) and E1 DI/II (residues
1–294, plus V5-His tag). The V5-His tag is shown as a vertically hatched
box. The E1 domain III constructs are DIII (residues 291–383), DIIIS (291–
412), His-DIII (His tag, plus 291–383), and His-DIIIS (His tag, plus 291–412)
(Liao and Kielian, 2005). The N-terminal His tag is shown as a diagonally
hatched box.Cell HostModis et al., 2003, 2004, 2005; Nybakken et al., 2006; Rey
et al., 1995; Zhang et al., 2004) are remarkably similar to those
of SFV E1, suggesting that many aspects of membrane fusion
by these two virus groups are conserved.
The 3D structures provide a static picture of SFV E1 before and
after fusion, but the mechanism of the dramatic transition from
the prefusion to postfusion conformation is unclear. While low
pH causes the initial dissociation of the E1-E2 heterodimer, it
also directly triggers the subsequent pathway of E1-membrane
insertion and trimer formation (Kielian, 2006; Klimjack et al.,
1994). The steps in the E1-mediated fusion process that are
low-pH dependent are unknown. The initial membrane interac-
tions of alphavirus E1 and flavivirus E are through monomers
that insert their fusion loops into the target membrane (Corver
et al., 1997; Kielian et al., 1996; Stiasny et al., 2007). It is uncer-
tain whether the subsequent trimerization of the membrane-
inserted monomers occurs concomitant with the stabilizing fold-
back of domain III (Stiasny et al., 2007) or whether an extended
trimeric intermediate can form first, followed by foldback of
domain III (Harrison, 2008). Fusion and infection of both alphavi-
ruses and flaviviruses are inhibited by the addition of exogenous
domain III proteins, which bind to the viral fusion protein and
block foldback to the final hairpin (Liao and Kielian, 2005).
However, the fusion intermediate that is the target of domain III
binding is undefined, and exogenous domain III proteins could
be acting during the process of domain III foldback or on an
extended trimeric intermediate with a relatively long half-life.
Membrane-inserted SFV E1* HTs interact to form rings of five
or six trimers in the target membrane and can form extended
hexagonal lattices (Gibbons et al., 2003, 2004c). Evidence impli-
cates both the membrane-distal domain III head region and the
membrane-inserted fusion loops in these cooperative HT inter-
actions, but their mechanism and role in fusion have not been de-
termined. These are key issues in understanding the membrane
fusion reaction of class II viruses and in developing methods to
block fusion therapeutically. Moreover, since a trimeric hairpin
is a shared motif among many viral fusion proteins, the mecha-
nism of its formation is a central question in virology.
Here, we have used truncated expressed versions of the SFV
fusion protein to reconstitute the trimerization reaction in vitro.
This system allowed us to produce a stable core trimer, consist-
ing solely of domains I and II. The SFV DI/II trimer acts as a spe-
cific high-affinity target for binding of exogenous domain III, thus
reconstituting the hairpin interaction. DI/II trimers defined critical
features of low-pH-triggering, cooperative intertrimer interac-
tions and domain III binding, and these trimers expressed mem-
brane-deforming activity in the absence of hairpin formation.
RESULTS
Production of Truncated SFV E1 Proteins
To address the requirements for formation of the SFV E1 HT, we
developed a system based on truncated forms of E1 produced in
Drosophila S2 cells (Figure 1B). The SFV E10 protein contains
domains I, II, and III without the stem and TM domains; it is anal-
ogous to the E1* ectodomain produced by limited proteolysis of
virus and used for prior structural studies (Gibbons et al., 2004c).
The E1 DI/II protein contains domains I and II, but it is truncated
prior to domain III. E1 proteins were coexpressed with the p62& Microbe 4, 600–608, December 11, 2008 ª2008 Elsevier Inc. 601
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Both of the truncated E1 proteins were efficiently secreted by
S2 cells and were purified from the culture medium by metal
affinity and gel filtration chromatography (Figure S1 and Supple-
mental Data). Mass spectrometry measurements showed an
increase of 1 kDa from the calculated mass of each protein
(data not shown), in keeping with glycosylation at the single
site on domain I. Both E10 and E1 DI/II appeared to be mono-
meric based on analysis by gel filtration chromatography (data
not shown) and sucrose gradient sedimentation (Figure 3).
Low-pH- and Cholesterol-Dependent Membrane
Binding of E1 DI/II
The ability of the truncated E1 proteins to interact with mem-
branes was tested by a liposome binding assay. Purified E10
and E1 DI/II were incubated with cholesterol-containing or cho-
Figure 2. E10 and E1 DI/II Bind Membranes
(A) Low-pH and cholesterol dependence of membrane binding. E10 and E1 DI/II
were mixed with complete (+) or cholesterol-deficient () liposomes at a final
concentration of 50 mg protein/ml and 1mM lipid and treated at the indicated
pH for 30 min at 25C. The samples were adjusted to neutral pH, and lipo-
some-bound proteins were separated by floatation on discontinuous sucrose
gradients and quantitated by SDS-PAGE andwestern blotting. Data shown are
the mean and standard deviation of three independent experiments.
(B) SDS-PAGE analysis of E1 DI/II. One hundred nanograms of E1 DI/II with
and without the C-terminal tag was analyzed by SDS-PAGE and western blot-
ting with a polyclonal antibody to SFV envelope proteins (Rab), mAb E1-3
against DI/II, or mAbs to the V5 epitope or His tag.
(C) Membrane-binding activity of E1 DI/II without the C-terminal tag. Liposome
binding of E1 DI/II proteins with and without the V5-His tag was determined as
in Figure 2A. Data shown are the average of two experiments.602 Cell Host & Microbe 4, 600–608, December 11, 2008 ª2008 Elslesterol-deficient liposomes at a neutral or low pH. The lipo-
some-interacting proteins were then separated from unbound
proteins based on their cofloatation with liposomes in sucrose
gradients, and proteins were quantitated by SDS-PAGE and
western blot (Figure 2A). About 50%of the expressed E10 protein
bound membranes, and binding depended strongly on low pH
and on membrane cholesterol. Thus, the S2-expressed E1 ecto-
domain had properties and efficiency very similar to the virally
derived E1* ectodomain (Ahn et al., 2002; Klimjack et al.,
1994). Surprisingly, we found that the E1 DI/II protein also effi-
ciently bound to liposomes (Figure 2A). This protein-membrane
interaction required both low pH and cholesterol. To control for
possible effects of the C-terminal V5-His tag on the pH depen-
dence of the E1 DI/II protein, we prepared DI/II protein without
the tag (Figure 2B) and tested its ability to interact with mem-
branes (Figure 2C and data not shown). The DI/II protein without
the tag boundmembranes efficiently andwith a low-pH and cho-
lesterol dependence comparable to the original DI/II protein,
thus suggesting that the tag did not have significant effects on
DI/II membrane interaction.
E1 DI/II Forms Stable Trimers with Highly Regular
Intertrimer Interactions
The membrane-inserted E1 DI/II protein was analyzed based on
the known properties of E1 HTs generated from virus or viral
ectodomains. E10 or E1 DI/II proteins were mixed with lipo-
somes, treated at a neutral or low pH, and solubilized in octyl-
b-D-glucopyranoside (OG). This detergent efficiently solubilizes
the membrane-inserted HT and disrupts intertrimer interactions
while maintaining trimer structure (Gibbons et al., 2004b). The
OG-solubilized samples were analyzed by sucrose gradient sed-
imentation (Figure 3). E10 sedimented as a monomer when
treated at neutral pH, whereas after low-pH treatment, the pro-
tein was converted into an HT that sedimented more rapidly in
the sucrose gradient. The E1 DI/II protein sedimented as
Figure 3. E1 DI/II Forms a Low-pH-Dependent Oligomer
E10 and E1 DI/II were mixed with complete liposomes and treated at the indi-
cated pH as in Figure 2A. The samples were adjusted to neutral pH, solubilized
with 1.5% OG, and analyzed on sucrose sedimentation gradients. E1 proteins
present in each gradient fraction were quantitated by SDS-PAGE and western
blotting. Fraction 1 is the top of the gradient, and the approximate positions of
the E10 monomer (M) and trimer (T) peaks are indicated.evier Inc.
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treated protein sedimented between the positions of the E10
monomer and trimer. The position in sedimentation gradients
was similar for low-pH-treated E1 DI/II protein without the
V5-His tag (data not shown). Thus, the E1 DI/II protein formed
a detergent-stable oligomer at a low pH, although the resolution
of the sucrose gradient was not sufficient to determine if the pro-
tein was trimeric.
The SFV E1 and E1* HTs are resistant to proteolysis with tryp-
sin and to solubilization in SDS sample buffer at 30C (Gibbons
et al., 2000; Wahlberg and Garoff, 1992). Similarly, the E10 HT
was resistant to trypsin (Figure 4A) and to SDS treatment at
30C (data not shown). Generation of the highly stable E10 HT
conformation depended on both low pH and the presence of
cholesterol liposomes, but stability did not require the E1 stem
region, about 1/3 of which is present on viral E1*. The low-pH-
Figure 4. Properties of the E1 DI/II Oligomer
(A) The E1 DI/II oligomer is trypsin resistant. E10 and E1 DI/II were mixed with
complete (+) or cholesterol-deficient () liposomes and treated at the indicated
pH as in Figure 2A. The samples were adjusted to neutral pH, digested with
100 mg/ml trypsin in the presence of 1% TX-100, and analyzed by SDS-
PAGE and western blotting. The percent trypsin resistance was calculated
by comparisonwith nondigested samples. Data shown are themean and stan-
dard deviation of three independent experiments.
(B) The E1 DI/II oligomer is recognized by acid-conformation-specific mAbs.
E10, E1 DI/II, and E1 DI/II plus equimolar amounts of DIIIS were mixed with
complete liposomes and treated at the indicated pH as in Figure 2A. The sam-
ples were adjusted to neutral pH and 1% TX-100 and immunoprecipitated (IP)
with mAbs specific to the acid conformation of E1 (mAbs E1a-1 and E1a-2),
a polyclonal antibody to the SFV envelope proteins (Rab), or a nonspecific
mAb (NS). The immunoprecipitated samples were then analyzed by SDS-
PAGE and western blotting, using mAbs against E1 DI/II or domain III. The la-
bels to the left of each panel indicate the E1 proteins present in each reaction.
The asterisk in the top panel indicates the position of the rabbit antibody heavy
chain that is detected by western blotting. The bottom panel shows different
sections of the western blot (separated by a dotted line) reacted with mAbs
specific to E1 DI/II (top) or domain III (bottom).Cell Hostand cholesterol-dependent oligomer formed by E1 DI/II was
also highly resistant to trypsin digestion (Figure 4A). However,
the E1 DI/II oligomer was not resistant to treatment with SDS
(data not shown), suggesting that the absence of domain III alters
the stability of the oligomer, as discussed below.
We also tested the reactivity of the E10 and E1 DI/II proteins
with the acid-conformation-specific mAbs E1a-1 and E1a-2,
which map to the region around G157 in domain I (Ahn et al.,
1999). Both E10 and E1 DI/II were specifically precipitated by
the acid-conformation-specific mAbs after low-pH treatment in
the presence of liposomes (Figure 4B). When DIIIS (Figure 1)
was included in the low-pH reaction with E1 DI/II, it was also
immunoprecipitated bymAbs E1a-1 and -2, even though the epi-
tope recognized by these antibodies is on domain I. This obser-
vation suggested that domain III proteins might form a complex
with E1 DI/II, as specifically addressed in Figures 6 and 7 below.
These biochemical assays suggested that the E1 DI/II oligo-
mer had similar characteristics as those of the HTs formed by
full-length E1 and E1 ectodomains. We then used negative stain
electron microscopy (EM) to determine if E1 DI/II formed a mem-
brane-inserted trimer at low pH. EM analysis of the E10 protein
revealed trimers similar to those previously described for SFV
E1* (Gibbons et al., 2003), with top views of themembrane-asso-
ciated protein displaying a donut shape and clear three-fold
symmetry (Figures 5A–5D). Membrane-inserted E10 HTs associ-
ated in rings of five or six trimers and formed small patches of
hexagonal lattices similar to those described for the E1* HT. In
contrast to prior models of HT interactions discussed below,
E10 intertrimer interactions occurred even though E10 is missing
the entire stem region. EM analysis of the low-pH-treated E1
DI/II protein (Figures 5E–5H) clearly demonstrated that mem-
brane-inserted E1 DI/II was trimeric, with top views showing
the three-fold symmetry characteristic of the E1 HT (cf. Fig-
ure 5F). In keeping with the biochemical assays, membrane as-
sociation and trimerization of E1 DI/II was only observed after
low-pH incubation (data not shown). The E1 DI/II trimers associ-
ated in rings of five or six trimers and could interact laterally
to form hexagonal lattices (Figures 5E–5G and S2). Measure-
ments of the E10 and E1 DI/II trimers showed mean trimer
diameters for the membrane-distal end of the trimers of 5.5 nm
(± 0.7 nm, n = 19) for E10 and 5.4 nm (± 0.9 nm, n = 28) for E1
DI/II, as compared to the previous estimate of 5 nm for E1* tri-
mers (Gibbons et al., 2003). The internal diameter of the ring
formed by six trimers was 6 nm (± 1 nm, n = 16) for E10 and
6.5 nm (± 1.1 nm, n = 25) for E1 DI/II, as compared to the previous
estimate of 7 nm for E1* trimers (Gibbons et al., 2003). Similar
trimer and ring dimensions were obtained by analysis of the fil-
tered images (Figure S2). Thus, the trimer and hexagonal lattice
were roughly comparable for E10 and E1 DI/II. EM analysis of the
membrane-associated E1 DI/II proteins revealed that they could
also generate elongated membrane tubules coated with trimers
(Figure 5H). Such liposome tubulation was not observed for the
E10 protein. Our results thus indicate that at low pH, E1 DI/II
inserts into membranes to form stable trimers with strong inter-
trimer interactions.
The DI/II Core Trimer Binds Domain III
Our previous studies of SFV fusion revealed the existence of
a transient trimeric form of E1 that is the target for binding and& Microbe 4, 600–608, December 11, 2008 ª2008 Elsevier Inc. 603
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(A–H) E10 proteins and E1 DI/II proteins were mixed with complete liposomes, treated at pH 5.75 for 30 min at 25C, and analyzed by negative stain EM. Except
where indicated, all pictures are at the samemagnification, in which the bar represents 25 nm. E10 HTs (A–D) are visualized in top views as donut-shaped objects,
often organized in rings of five or six trimers (C, circled) or hexagonal lattices. (A) and (B) (43magnification) show the three-fold symmetry of the HT and a ring of
six trimers (A, taken from the circled region in C) or five trimers (B). Membrane-inserted E1 DI/II proteins (E–H) form trimers (cf. F, in which arrows indicate three
monomers within a trimer). These trimers interact in rings of five or six trimers or in hexagonal lattices (E–G) and also on protein-coated membrane tubules (H). (E)
and (F) (43magnification) show the three-fold symmetry of individual DI/II trimers and also demonstrate a ring of six trimers (E, taken from the circled region in G)
or five trimers (F). See also Figure S2.inhibition by exogenous domain III (Liao and Kielian, 2005). While
the structure of this membrane fusion intermediate is unknown,
we hypothesize that it could be analogous to the DI/II trimer de-
scribed here. We therefore tested whether the DI/II trimer could
bind recombinant domain III proteins (Figure 1B). E1 DI/II was
mixed with liposomes and treated at low pH in the presence of
equimolar amounts of DIIIS. The samples were analyzed by
liposome cofloatation, SDS-PAGE, and western blotting using
mAbs specific for E1 DI/II and domain III. DIIIS cofloated with
liposomes only after treatment at low pH in the presence of E1
DI/II protein (Figure 6A and data not shown). Cofloatation was
also observed after low-pH treatment of E1 DI/II with the SFV
DIII, HDIII, and HDIIIS proteins (data not shown). In contrast,
the dengue virus domain III protein DV2 DIIIH1 did not cofloat
with E1 DI/II (Figure 6A), demonstrating that the interaction was
specific. While the E10 protein bound liposomes efficiently at
low pH, this protein did not recruit SFV domain III proteins, indi-
cating that exogenous domain III interaction was prevented by
the presence of the endogenous domain III on the E10 protein
(Figure 6A and data not shown). Coimmunoprecipitation experi-
ments demonstrated efficient interaction of DIIIS with the E1 DI/II
trimer but not with neutral-pH monomeric E1 DI/II (data not
shown). Together, these data indicate that high-affinity binding
of domain III proteins occurred with the groove formed by two
interacting DI/II monomers, rather than through interactions
with the domain III head region of the trimer.604 Cell Host & Microbe 4, 600–608, December 11, 2008 ª2008 ElsWe used the property of SDS resistance described for the E1
and E1* HTs (Klimjack et al., 1994; Wahlberg et al., 1992) to test
the effects of domain III binding on the stability of the E1 DI/II
trimer. E1 DI/II was mixed with liposomes and the indicated do-
main III proteins, treated at pH 8 or 5.75, and solubilized with
SDS sample buffer at 30C to allow detection of SDS-resistant
trimers. E1 DI/II was detected in the higher molecular weight tri-
mer position only when it was treated at low pH in the presence
of domain III proteins containing the stem (DIIIS and HDIIIS)
(Figure 6B, middle panels). Western blotting with a mAb specific
for domain III showed that DIIIS and HDIIIS comigrated with the
E1 DI/II trimer as an SDS-resistant complex in the upper part of
the gel (Figure 6B, upper panels). Boiling in SDS dissociated the
trimers, as previously observed for the virus and E1* HTs (Klim-
jack et al., 1994; Wahlberg et al., 1992). Although cofloatation
analysis showed that both DIII and HDIII bound to E1 DI/II trimers
(as discussed above), SDS resistance required the presence of
the stem region and also did not occur with the noninteracting
DV2DIIIH1 protein (Figure 6B). Thus, similar to the transient E1
fusion intermediate identified in domain III inhibition studies
(Liao and Kielian, 2005), the E1 DI/II trimer contained specific
high-affinity binding sites for exogenous domain III.
Role of Low pH in the Domain III Interaction
Low pH triggers the refolding of SFV E1 to a trimeric hairpin in
which domain III packs against the central trimer core (Gibbonsevier Inc.
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(A) Liposome floatation assays. E10 or E1DI/II proteinsweremixedwith complete liposomes plus SFVDIIIS or dengue virus DV2DIIIH1 proteins as indicated at the
top. Samples were treated at the indicated pH, and liposome-bound proteinswere separated by sucrose floatation gradients as in Figure 2A. The proteins present
in the two top, two middle, and three bottom fractions (labeled T, M, and B, respectively) were analyzed by SDS-PAGE and western blotting. Arrows (right)
indicate protein positions. A representative example of three experiments is shown.
(B) The domain III stem stabilizes the E1 DI/II HT. E1 DI/II was mixed with SFV or DV2 domain III proteins as indicated at the top and treated at the indicated pH in
the presence of liposomes as in Figure 2A. Samples were solubilized in SDS sample buffer at 30C () or 95C (+) for 3 min and analyzed by SDS-PAGE and
western blotting, using the antibodies indicated on the right side. The two top panels show the upper part of the gel containing the SDS-resistant HT, blotted
to detect the SFV or DV2 domain III proteins (top) or the E1 DI/II protein (middle). The bottom panel shows the lower part of the gel containing the monomeric
SFV and DV2 domain III proteins. The positions of the indicated marker proteins are shown (left). A representative example of three experiments is shown.et al., 2004c). Although domain III-trimer core binding is essential
for fusion (Liao and Kielian, 2005), it is not known if this binding
reaction requires low pH, and whether, as has been suggested
(Stiasny et al., 2007), it occurs concomitant with trimerization.
To address these questions, E1 DI/II was mixed with liposomes
and treated at low pH, with DIIIS present either during low-pH
treatment or only after the samples were returned to neutral pH.
Liposome cofloatation assays showed that DIIIS interaction
with E1 DI/II occurred with comparable efficiency when DIIIS
was present during or after low-pH treatment (Figure 7A). Similar
results were obtained with the HDIII protein (data not shown),
demonstrating that binding of domain III at neutral pH did not re-
quire thestemregion. Inaddition, theSDSresistanceof theE1DI/II-
DIIIS complex was comparable when DIIIS was added before or
after low-pH treatment and was not significantly increased by
a second low-pH exposure (Figure 7B). Thus, the interaction of
domain III with the DI/II trimer is independent of low pH and rep-
resents a distinct step following formation of the DI/II core trimer.
DISCUSSION
Our studies revealed that a truncated form of SFV E1, containing
only domains I and II, inserted into target membranes andCell Host &formed a stable trimer. Similar to virus-membrane fusion, forma-
tion of the DI/II trimer required both low pH and cholesterol in the
target membrane. The DI/II trimer was resistant to detergent
solubilization and trypsin digestion and was recognized by
acid-conformation-specific E1 mAbs, suggesting important
structural similarities with the full-length E1 HT. EM demon-
strated that the membrane-inserted E1 DI/II was indeed a trimer.
Our data show that the E1 DI/II construct contains all of the
elements necessary for E1 trimerization, and that this truncated
trimeric form of E1 can efficiently and specifically bind domain III.
Based on these properties, the E1 DI/II trimer constitutes the
central region of the E1 HT. This DI/II core trimer is stable in
the absence of added domain III and retains its capacity for
efficient domain III binding even after shift to neutral pH. We
have thus identified a prefusion intermediate in the class II fusion
protein pathway and demonstrated conditions to efficiently gen-
erate this DI/II trimer in vitro.
Although research on the class II fusion proteins had sug-
gested that trimerization required coupling to domain III foldback
(Stiasny et al., 2007), clearly E1 DI/II forms the core trimer in the
absence of domain III. Formation of the SFV DI/II trimer thus
appears to be a critical early step in formation of the final E1
HT. We tested whether exogenous E1 DI/II protein was able toMicrobe 4, 600–608, December 11, 2008 ª2008 Elsevier Inc. 605
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enous DI/II trimerization, but no inhibition was observed, even at
DI/II concentrations of 50 mM (data not shown). Based on this
result, DI/II trimer formation is a relatively rapid step in fusion,
while the foldback of domain III, which is efficiently inhibited by
exogenous domain III proteins (Liao and Kielian, 2005), is a later
and relatively slower step in the fusion pathway.
Low-pH Triggering of the Alphavirus Fusion Protein
While the fusion activity of E1 is clearly low-pH dependent, the
steps in fusion that require low pH and the molecular determi-
nants of E1’s response to low pH are unknown. Analysis of the
prefusion structure of E1 suggested that protonation of histidine
residues on domain III could be critical in promoting the release
of domain III-domain I interactions, thus allowing the subsequent
movement of domain III to form the hairpin (Roussel et al., 2006).
However, using a truncated form of E1, we demonstrated that
even in the absence of domain III, the stable insertion of E1 DI/II
into the target membrane and the formation of the DI/II trimer
were strongly dependent on low pH. Our results revealed that
binding of domain III to the DI/II trimer was pH independent.
Thus, the use of truncated E1 proteins allowed independent
evaluation of the requirements for low pH at the core trimeriza-
tion and domain III binding steps. Based on our results, E1’s
Figure 7. Binding of DIIIS is Independent of Low pH
(A) Liposome floatation assays. E10 or E1 DI/II proteins were mixed with com-
plete liposomes as in Figure 2A, treated at the indicated pH for 30 min at 25C,
and adjusted to neutral pH, and the incubation was continued for an additional
15 min at 25C. DIIIS was present either during the entire incubation or only
after treatment at low pH. Liposome-bound proteins were separated by
sucrose floatation gradients, and the proteins present in the top, middle, and
bottom fractions (E1 DI/II reactions) or top and bottom fractions (E10 reactions)
were detected by SDS-PAGE and western blotting. Arrows (right) indicate
protein positions.
(B) Formation of the SDS-resistant trimer. E1 DI/II was mixed with complete
liposomes and treated at low pH as in Figure 7A, with DIIIS present either dur-
ing the entire incubation or only after treatment at low pH. The samples labeled
‘‘2nd low pH’’ were incubated with DIIIS following the first low-pH treatment
and then given a second 15 min low-pH treatment. The SDS-resistant HT
was analyzed as in Figure 6B. (B) shows the upper part of the gel containing
the SDS-resistant HT, blotted to detect DIIIS. The position of the 130 kDa
marker protein is shown (left). A representative example of three independent
experiments is shown.606 Cell Host & Microbe 4, 600–608, December 11, 2008 ª2008 Elslow-pH dependence is conferred through domains I and II.
Further studies will address the specifics of the mechanism
and the role of conserved histidine residues.
Interaction of Domain III with the DI/II Trimer
Exogenous domain III proteins efficiently and specifically inhibit
the low-pH-triggeredmembrane fusion reactions of alphaviruses
and flaviviruses (Liao and Kielian, 2005). Given the speed of
membrane fusion for these viruses, the inhibition suggested
that domain III’s interactions could be an important antiviral tar-
get if its binding partner during fusion could be defined. Here, we
have identified a stable DI/II trimer that acts as an efficient and
specific binding partner for SFV domain III, thus recapitulating
the binding and inhibition process in an in vitro system with pu-
rified components. Bindingwas stable to detergent solubilization
and immunoprecipitation. While all of the SFV domain III con-
structs bound to the DI/II trimer, SDS treatment at 30C showed
that the presence of the stem region increased the stability of the
complex. We did not observe domain III binding to E10 during its
trimerization in vitro. This result indicates that the endogenous
domain III on E10 effectively competed for binding of exogenous
domain III during formation of the E10 hairpin. In contrast, domain
III proteins efficiently bind to the full-length virus E1 during virus-
membrane fusion (Liao and Kielian, 2005), suggesting that in the
virus particle, the foldback of endogenous domain III is con-
strained by the TM anchor. Thus, the DI/II trimer-domain III inter-
action would be a relatively accessible target during the virus fu-
sion reaction. Using soluble DI/II core trimers produced in vitro,
we can now address questions of the stoichiometry and affinity
of domain III binding and develop this system as a screen for
small molecule inhibitors of virus fusion and infection.
Cooperative Interactions of the Alphavirus E1 Trimer
Both the E10 HT and the E1 DI/II trimers interacted on target
membranes to form rings of five or six trimers and patches of
hexagonal lattice. These observations answer several important
questions about intertrimer contacts of the alphavirus and flavi-
virus fusion proteins. The DV and TBE HTs have the fusion loops
‘‘collapsed’’ together at the trimer tips (Bressanelli et al., 2004;
Modis et al., 2004), rather than held apart in the tripod-like fash-
ion observed in the SFV E1* HT structure (Gibbons et al., 2004c)
(Figure 1A). Unlike the E1* HT, neither the DV nor TBE HTs form
hexagonal lattices (Bressanelli et al., 2004; Modis et al., 2004).
E1* contains about one-third of the stem region, while the stem
region is missing from the DV and TBE ectodomain HTs. Thus,
these results suggested that the presence of the stem might ac-
count for both the tripod conformation and the regular intertrimer
interactions of the E1* HT. However, since neither E10 nor E1 DI/II
contain the stem, this region cannot be responsible for generat-
ing an HT conformation with regular interactions. Cryo-EM stud-
ies of the hexagonal lattice of E1* trimers generated a reconstruc-
tion of the extramembrane region of the trimer at a resolution of
2.5 nm (Gibbons et al., 2003). Fitting this reconstruction with
the E1* HT three-dimensional structure suggested the presence
of important contacts between domain IIIs in the head region of
adjacent HTs (Gibbons et al., 2004c; Kielian and Rey, 2006).
Contacts between the fusion loops of adjacent trimers were
observed in the three-dimensional crystals and in HT deter-
gent-free rosettes, suggesting that the fusion loops might alsoevier Inc.
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et al., 2004c). Either through domain III contacts, fusion loop con-
tacts, or a combination of these trimer-trimer interactions, the re-
sultant rings of trimers were proposed to generate a crater-like
depression lined by the hydrophobic fusion loops (Gibbons
et al., 2004c). Thesecraters could act to generatemembrane cur-
vature during fusion. Are such trimer-trimer interactions critical
for fusion, or are they a secondary effect of the deformation of
the membrane during the fusion process (Harrison, 2008)? Our
data show that the E1 DI/II protein displays unexpectedly strong
intertrimer interactions in the absence of domain III, thus demon-
strating that the fusion loops alone can mediate these trimer-
trimer contacts. Even in the absence of fusion, E1DI/II acts coop-
eratively to generate hexagonal lattices and extendedmembrane
tubules, suggesting the importance of the fusion loop contacts
during the process of membrane deformation.
EXPERIMENTAL PROCEDURES
Expression and Purification of SFV E1 Proteins
C-terminally truncated forms of SFV E1 (Figure 1B) were obtained by inducible
expression of the SFV p62, 6K, and E1 proteins in Drosophila S2 cells. E10 in-
cludes domains I, II, and III and ends at E1 P383, followed by the V5 epitope
and a six-histidine tag from the vector. E1 DI/II includes domains I and II and
13 residues of the linker region and ends at E1 P294, followed by the V5-His
tag. A truncated E1 protein similar to E1 DI/II, but containing a tobacco etch
virus protease cleavage site between the E1 linker region and the V5-His
tag, was used to generate E1 DI/II without the tag. The S2-expressed E1
proteins were purified by affinity chromatography on chelating sepharose, fol-
lowed by gel filtration on Superdex 200. Details are given in the Supplemental
Data. The SFV E1 domain III proteins and dengue virus 2 domain III protein
(DV2 DIIIH1) were produced by bacterial expression and refolding as previ-
ously described (Liao and Kielian, 2005).
Liposomes
Liposomes were prepared by freeze-thaw and extrusion through two stacked
200 nm or 400 nm polycarbonate filters (Chatterjee et al., 2000), using MES
buffer (20 mM MES, pH 8.0; 130 mM NaCl) or TAN buffer (20 mM Triethanol-
amine [TEA], pH 8.0; 130 mM NaCl). Complete liposomes were composed
of a 1:1:1:3 molar ratio of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE),
sphingomyelin (bovine brain) (Avanti Polar Lipids; Alabaster, AL), and choles-
terol (Steraloids, Inc.; Wilton, NH), plus trace amounts of 3H-cholesterol (Amer-
sham; Arlington Heights, IL). Cholesterol-minus liposomes maintained the
1:1:1 molar ratio of phospholipids without cholesterol. For the EM experi-
ments, POPC and POPE were replaced by 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC) and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) (Avanti Polar Lipids), respectively. Liposomes were stored at 4C
under N2 and used within 2 weeks of preparation.
E1 Protein-Liposome Interaction
Under standard reaction conditions, E10 or E1 DI/II proteins were mixed with
liposomes at a final concentration of 50 mg protein/ml and 1 mM lipid in MES
or TAN buffer, preincubated at 25C for 5min, and adjusted to pH 5.75 by add-
ing precalibrated amounts of 0.3 MMES. Samples were incubated at 25C for
30min and then adjusted to pH 8.0 by the addition of a precalibrated volume of
0.3 M TEA. Where indicated, domain III proteins were added at a molar ratio of
1:1 with the E1 protein. SDS-PAGE analysis used 11%acrylamide gels. Detec-
tion by western blotting used domain-specific mAb E1-3 against SFV DI/II and
mAb E1-2 against SFV domain III (Kielian et al., 1990), a rabbit polyclonal an-
tibody against DV domain III (Sango, courtesy of Maofu Liao), or mAbs to the
V5 (Sigma) or 6 His (His-1 mAb, Clontech) epitopes. Alexa-680-conjugated
secondary antibodies were used (Molecular Probes). Western blots were
quantitated using an Odyssey Infrared Imaging System and Odyssey In-Cell
Western software (LI-COR Biosciences).Cell HostLiposome Cofloatation Analysis
After neutralization of protein-liposome reactions prepared as above, samples
were adjusted to 20% sucrose, loaded on top of a 300 ml 60% sucrose cushion
in a TLS55 ultracentrifuge tube, and overlaid with 1.2 ml 15% sucrose and
200 ml 5% sucrose, all wt/wt in TAN buffer at pH 8.0. Gradients were centri-
fuged for 3 hr at 54,000 rpm at 4C in a TLS55 rotor and fractionated into seven
300 ml fractions. Fractions were pooled into the three top and four bottom
fractions, or into the two top, two middle, and three bottom fractions. The
3H-cholesterol marker was quantitated by scintillation counting, and >70%
of the marker was routinely recovered in the top three fractions. Aliquots of
the pooled fractions were precipitated with 10% trichloroacetic acid and
analyzed by SDS-PAGE and western blotting as above.
Gradient Sedimentation Analysis
Protein-liposome reactions prepared as above were adjusted to neutral pH
and solubilized with 1.5% OG (Sigma) for 70 min at 25C. Samples were
then layered onto discontinuous sucrose gradients consisting of 200 ml 40%
sucrose, 400 ml 20% sucrose, 400 ml 10% sucrose, and 200 ml 5% sucrose,
all wt/wt in 1% OG, 20 mM TEA at pH 8.0, 1 M NaCl. Gradients were centri-
fuged at 4C for 5 hr at 54,000 rpm in a TLS55 rotor. Fourteen 87 ml fractions
were collected into tubes containing 5 ml of a solution of 2 mg BSA/ml in
TAN buffer with 1% TX-100 and analyzed by SDS-PAGE and western blotting.
SDS- and Trypsin-Resistance Assays
The resistance of E1 protein complexes to dissociation by SDS was tested by
addition of sample buffer to a final concentration of 4% SDS and heating at
30C or 95C for 3 min (Gibbons et al., 2000; Wahlberg and Garoff, 1992).
Trypsin resistance was tested by digesting with 100 mg/ml trypsin (Type XIII;
Sigma) in the presence of 1% TX-100 at 37C for 10 min, followed by the ad-
dition of 300 mg/ml of soybean trypsin inhibitor (Sigma) (Gibbons et al., 2000).
Immunoprecipitation Analysis
Protein-liposome reactions were solubilized in 1% Triton and reacted with the
E1 acid-conformation-specific mAbs E1a-1 and -2 (Kielian et al., 1990). Previ-
ous studies mapped both mAbs to domain I based on a mutation at residue
157 that conferred antibody resistance (Ahn et al., 1999). Immunoprecipitated
samples were analyzed by SDS-PAGE and western blotting.
Electron Microscopy
E1 proteins were mixed with liposomes at a final protein concentration of
140 mg/ml, treated at pH 5.75 for 30 min at 25C, and then directly analyzed
by negative staining. A 20 ml drop of sample was placed on a glow-discharged
carbon-coated copper grid and stained with a solution of 2% uranyl acetate at
pH 3.0. Samples were examined on a JEOL 1200EX or a JEOL 100CXII elec-
tron microscope operated at 80 kV. Images were recorded at a magnification
of 50,0003. Images were assembled with the software Adobe Photoshop
7.0 and analyzed by ImageJ software from the National Institutes of Health
(Abramoff et al., 2004). Details are given in the Supplemental Data.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures and two
figures and can be found online at http://www.cell.com/cellhostandmicrobe/
supplemental/S1931-3128(08)00360-0.
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